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PhotosynthesisCyanobacterial NDH-1 complexes belong to a family of energy converting NAD(P)H:Quinone oxidoreductases
that includes bacterial type-I NADH dehydrogenase and mitochondrial Complex I. Several distinct NDH-1
complexes may coexist in cyanobacterial cells and thus be responsible for a variety of functions including
respiration, cyclic electron ﬂow around PSI and CO2 uptake. The present review is focused on speciﬁc features
that allow to regard the cyanobacterial NDH-1 complexes, together with NDH complexes from chloroplasts, as
a separate sub-class of the Complex I family of enzymes. Here, we summarize our current knowledge about
structure of functionally different NDH-1 complexes in cyanobacteria and consider implications for a
functional mechanism. This article is part of a Special Issue entitled: Regulation of Electron Transport in
Chloroplasts.Quinone oxidoreductase; PQ,
5, NDH-1-defective mutant in
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Cyanobacteria represent a remarkable group among prokaryotic
microorganisms because of their ability to perform oxygenic photo-
synthesis. This unique feature is based on the linear electron transfer
chain from water to NADP+ involving the major photosynthetic
pigment protein complexes located in a speciﬁc compartment, the
thylakoid membrane. The capability of cyanobacteria to convert
sunlight into chemical energy of ATP and NADPH plus an amazing
capacity to successfully adapt to diverse environmental conditions
allowed them to prosper during millenniums of evolution. Inevitably,
cyanobacteria developed speciﬁc features that are directly or
indirectly connected with oxygenic photosynthesis.
Cyanobacterial NDH-1 complexes structurally and functionally
resemble energy converting NAD(P)H:Quinone oxidoreductase, or
the Complex I of the respiratory chain, the large multisubunit enzyme
which pumps protons across the inner membrane of mitochondria or
the plasma membrane of many bacteria (for review, see [1–4]).
NDH-1 complexes were discovered in cyanobacteria about 20 years
ago [5,6]. They are a challenging subject for research and it is not
surprising that despite of a signiﬁcant progress achieved in studies of
these complexes, many questions about their structure and functionalmechanisms remain unanswered. Together with their close relatives,
NDH complexes from chloroplasts of green plants and algae,
cyanobacterial NDH-1 complexes have certain characteristics that
allow categorizing them as a separate subclass of Complex I enzymes
speciﬁc for organisms capable of oxygenic photosynthesis. Moreover,
the cyanobacterial NDH-1 complexes possess particular features that
are absent from the homologous complex in chloroplasts. The present
review is focused on the functional diversity of cyanobacterial NDH-1
complexes, speciﬁc features in their structure and suggestions about
possible mechanisms of action.
2. NDH-1 subunits and their genes
Intriguing speciﬁc features of cyanobacterial NDH-1 complexes
can be seen already at the genomic level. Subunit composition of
Complex I-type enzymes signiﬁcantly varies among species, from 14
subunits (two of them are fused into one protein) in NDH-1, or the
Complex I, from Escherichia coli [7] to 45 proteins in the bovine
Complex I [8]. Fourteen subunits homologous to those in the E. coli
enzyme (NuoA-NuoN) constitute a minimal set sufﬁcient to perform
all bioenergetic functions [9]. Searches for the corresponding genes in
cyanobacterial genomes revealed that only 11 of them, ndhA–ndhK,
are found in these organisms ([10] and http://www.ncbi.nlm.nih.gov/
genomes/lproks.cgi). It is important to keep in mind that the
nomenclature of genes and subunits varies among Complex I-type
enzymes of different origin, therefore components of cyanobacterial
NDH-1 complexes are presented in Table 1 together with their
counterparts in Complex I from E. coli and Thermus thermophilus.
Unlike E. coli, where all the Complex I genes are arranged in one nuo
cluster [11], cyanobacterial ndh genes are scattered along the
Table 1
Subunits of NDH-1 complexes from Synechocystis 6803.
Synechocystis 6803 Domain E. coli T. thermophilus Function
Subunit NDH-1 complex Subunit Subunit
– – Dehydrogenase/Activity NuoE Nqo2 Fe–S: N1a
– – Dehydrogenase/Activity NuoF Nqo1 Fe–S: N3 FMN, NADH-binding site
– – Dehydrogenase/Activity NuoG Nqo3 Fe–S: N1b, N4,N5, N7
NdhA all Membrane/core NuoH Nqo8 Q-binding site
NdhB all Membrane/core NuoN Nqo14 H+-antiporter








NdhE all Membrane/core NuoK Nqo11 Q-binding site
NdhF1 L, L' Membrane/D1F1, D2F1 H+-antiporter and the link
for transmission of conformations
changes
NdhF3 MS Membrane/CUP-A NuoL Nqo12
NdhF4 MS' Membrane/CUP-B
NdhG all Membrane/core NuoJ Nqo10 Q-binding site
NdhH all Hydrophilic NuoDa Nqo4 Q-binding site
NdhI all Hydrophilic NuoI Nqo9 Fe–S: N6a, N6b
NdhJ all Hydrophilic NuoCa Nqo5
NdhK all Hydrophilic NuoB Nqo6 Fe–S: N2, Q-binding site
- - Hydrophilic – Nqo15
NdhL all Membrane/OPS – – CO2 uptake
NdhM all OPS – –
NdhN all OPS – –
NdhO all OPS – –
CupA MS CUP-A – – CO2 uptake
CupB MS' CUP-B – – CO2 uptake
CupS MS CUP-A – – CO2 uptake
The subunits are assigned to speciﬁc domains and complexes. The subunits of Complex I from E. coli and T. thermophilus are included for comparison and to demonstrate
homology to cyanobacterial counterparts. The functions allocated to subunits are based on Sazanov and Hinchliffe [71] and Efremov et al. [72]. For details and abbreviations, see
the text.
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Synechocystis 6803).
Similar to other bacterial organisms, most of cyanobacterial ndh
genes are present as a single copy per genome. Unusually, however,
genes encoding NdhD and NdhF, homologous to NuoM and NuoL in
E. coli, are found in most of cyanobacterial genomes in several copies
(CyanoBase: http://www.kazusa.or.jp/cyano). The ndhD1 and ndhF1
genes exist in all of the cyanobacteria so far sequenced whereas the
presence of additional ndhD and ndhF genes is more variable [12]. For
instance, some Prochlorococcus species (e.g. Prochlorococcus marinus
MED4, MIT9313, NATL1A) contain only single ndhD and ndhF genes,
while in Synechocystis 6803 six ndhD genes (ndhD1–ndhD6) and three
ndhF genes (ndhF1, ndhF3 and ndhF4) have been found in the genome
(Table 1, [10], http://www.kazusa.or.jp/cyano). It is important to note
that occasionally the annotation of a cyanobacterial gene as ndhD or
ndhF should be considered with caution since the products of ndhD and
ndhF as well as that of ndhB are homologous to a large family of
monovalent cation/proton antiporters [13]. For example, ndhD5 and
ndhD6 genes of Synechocystis 6803 might belong to the ndhF family
[14], or they both might encode antiporters of MrpD type instead of
Ndh subunits [13]. The ndhD1, ndhD2 and ndhF1 genes are related to
chloroplast ndhD and ndhF genes, whereas ndhD3-ndhD6, ndhF3 and
ndhF4 are speciﬁc to cyanobacteria.
Reverse genetic and proteomic studies revealed the presence of
other distinct subunits in cyanobacterial NDH-1 complexes. In the
genomes of Synechocystis 6803, Synechococcus 7942 and
Synechococcus 7002 the ndhD3 and ndhF3 genes form a tricistronic
operon with a gene designated cupA(chpY) [14–17]. Further, in
Synechococcus 7002, Thermosynechococcus elongatus BP-1,
Synechococcus WH8102 and Anabaena 7120, the ndhF4 and ndhD4
genes form a cluster with cupB(chpX) ([18] and http://www.kazusa.or.jp/cyano) although cupB belongs to another gene cluster in other
cyanobacteria, e.g. Synechocystis 6803. Reverse genetic studies have
demonstrated that cupA(chpY) and cupB(chpX) gene products are
involved in same functions as NdhF3/D3 and NdhF4/D4 proteins,
respectively [14,16,19,20]. A novel ndhL gene was predicted to encode
one of Synechocystis NDH-1 subunits [21]. Later on, proteomic analyses
of NDH-1 complexes from Synechocystis 6803 and T. elongatus BP-1
conﬁrmed the association of NdhD3, NdhF3, CupA and NdhLwith other
NDH-1 subunits and revealed novel additional subunits NdhM, NdhN,
NdhO and CupS [22–24] (Table 1). Importantly, the occurrence of cupA
(chpY), cupB(chpX) and cupS genes is speciﬁc for cyanobacteria andwas
found only in species containing ndhF3/D3 and/or ndhF4/D4 genes [12].
Homologs of NdhL-O subunits were identiﬁed also in the NDH
complexes of chloroplasts [25,26]. No sequence motifs were found in
the NdhL-O subunits that would suggest their possible functions, even
thoughNdhMwas shown to have some homology to the subunit B13 of
the bovine Complex I [6,24]. The ndhL gene appeared to be important
for carbon uptake [21]. It is intriguing that the occurrence of these
subunits in the NDH-1 complex correlates with the ability of cells to
perform oxygenic photosynthesis. However, at present the functional
roles of most subunits remain unknown.
The most fascinating question concerning cyanobacterial NDH-1
complexes is connected with the fact that three out of the 14 subunits
that constitute the smallest catalytically active Complex I in E. coli do
not exist in cyanobacterial genomes. The products of these three
genes in E. coli correspond to NuoE, F and G subunits containing the
NADH-binding site, the FMN-binding site and a majority of Fe–S
clusters necessary for the enzymatic activity of the complex (Table 1).
Some hypotheses about substrate speciﬁcity, possible candidates for
activity subunits and a structure of NDH-1 in cyanobacteria will be
discussed below.
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The general function of Complex I-type enzymes is to transfer
electrons from an electron donor (usually NADH) to a quinone
molecule (the type of quinone varies among organisms, [4]) with a
concomitant generation of a proton motive force used for ATP
synthesis. In contrast to Complex I/NDH-1 enzymes of mitochondria
and eubacteria playing a solitary role in respiration, NDH-1
complexes in cyanobacteria are involved in several cellular func-
tions, including respiration, cyclic electron ﬂow and CO2 acquisition.
Extensive reverse genetics [14,16,19,27,28] and functional proteo-
mic studies [22–24,29,30] performed with ndh mutants of several
species (Synechocystis 6803, Synechococcus 7942, Synechococcus
7002, T. elongates BP-1) have demonstrated that the multiplicity of
functions assigned to cyanobacterial NDH-1 complexes is based on
the diversity of the NdhD and NdhF proteins resulting in an
occurrence of distinct NDH-1 complexes within a cyanobacterial
cell. Functionally and structurally diverse cyanobacterial NDH-1
complexes predicted by reverse genetic studies are shown in Fig. 1.
3.1. Respiration
Participation of cyanobacterial NDH-1 complexes in respiratory
electron ﬂow is in line with the function of Complex I/NDH-1 in other
organisms. Mi et al. [31] have shown that the ndhB (M55) mutant of
Synechocystis 6803 has impaired rate of respiration. Further, Ohkawa
et al. [28] observed inability of cells to grow under photoheterotrophic
conditions and a low level of the respiration activity in the ndhD1/
ndhD2 mutant of Synechocystis 6803, in contrast to the ndhD3/ndhD4
mutant which under the same conditions showed growth rate and
respiration similar to WT. In difference to bacterial or mitochondrial
Complex I, cyanobacterial NDH-1 seem to use NADPH but not NADH
as a substrate [32–34], and plastoquinone (PQ) is an evident
candidate for the acceptor of electrons coming through NDH-1 from
respiratory substrates since in cyanobacteria cells respiration and
photosynthesis share the same intersystem electron transport carriers
[35].Fig. 1. The functional and structural multiplicity of cyanobacterial NDH-1 complexes. The
predicted by reverse genetics studies. The NDH-1L and NDH-1MS complexes were observ
common element of all four complexes. NDH-1M comprises the hydrophilic domain (vio
Photosynthesis-Speciﬁc)-domain (green). The hydrophobic NdhD and NdhF subunits differ a
F1 (blue/grey), CUP-A (red) and CUP-B (brown) facilitating the distinct functions of the NDH
question mark.There are, however, arguments against the respiratory function of
NDH-1 in cyanobacteria. Cooley and Vermaas [36] declared that the
major role in electron donation to the PQ pool in darkness belonged to
another enzyme, succinate dehydrogenase. They pointed out that the
decreased respiratory electron ﬂow in M55, the NDH-1 deﬁcient
mutant, might be a consequence of low succinate levels in this strain
rather than the primary lack of NDH-1 activity.
3.2. Cyclic electron ﬂow
In cyanobacteria and chloroplasts of green plants, cyclic electron
transfer around PSI serves to increase the ATP/NADPH ratio produced
by photosynthetic electron ﬂow. Thus it plays an important
physiological role when cells are exposed to environmental stress
and require elevated ATP levels (for review, see [37]). Analyzing redox
kinetics of P700 in Synechococcus 7002, Mi et al. [38] showed that only
10% of P700 was oxidized by illumination with far-red light in this
cyanobacterium, and the level of P700 oxidation increased in the
presence of HgCl2 that inhibits mitochondrial Complex I. This led to a
suggestion that NDH-1 is involved in reduction of P700+ by electrons
from the respiratory substrates via PQ pool. Further experiments have
shown that the electron donation to P700+ through PQ pool from
both the respiratory donor and from the photoreductant generated in
PSI is severely impaired in M55, the NDH-1-defective mutant of
Synechocystis 6803 [31]. Therefore, directly or indirectly, NDH-1 is
involved in the control of the redox poise/state of the PQ pool. The
electron donation to the intersystem chain via NDH-1 is enhanced in
light [39]. The NDH-1-dependent cyclic electron ﬂow around PSI is
important for photosynthetic organisms since this function is
preserved in chloroplasts of green plants [40–47].
Similarly to respiration, only the NDH-1 complexes with NdhD1 or
NdhD2 but not with NdhD3 or NdhD4 seem to be involved in cyclic
electron ﬂow. Ohkawa et al. [28] demonstrated that in Synechocystis
6803 this function is strongly impaired in the ndhD1/ndhD2 mutant
while nearly normal PSI cyclic electron ﬂow was observed in the
ndhD3/ndhD4 mutant. The NDH-1L and NDH-1L' complexes partici-
pating in respiration and cyclic electron ﬂow are shown in Fig. 1.NDH-1L, NDH-1L′, NDH-1MS and NDH-1MS′ complexes of Synechocystis 6803 were
ed in proteomic experiments as well as the NDH-1M subcomplex that represents the
let), the membrane core domain (yellow) and the newly identiﬁed OPS (Oxygenic
mong the multiple NDH-1 complexes and comprise speciﬁc domains D1/F1 (grey), D2/
-1 complexes within a cell. The unknown activity domain (Act-NDH) is indicated by a
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A distinguishing feature of cyanobacterial NDH-1 complexes is a
participation in inorganic carbon (Ci) uptake [48,49], speciﬁcally in
CO2 acquisition [50]. Most of the organic carbon in autotrophically
grown cells is obtained through CO2 ﬁxation by Rubisco. Cyanobac-
teria have developed carbon concentrating mechanisms to highly
accumulate CO2 next to Rubisco and thus warrant sufﬁcient Ci
assimilation (reviewed by [18,51–57]). Two systems specialized in
CO2 uptake have been found, a constitutively expressed low-afﬁnity
CO2 uptake system, and a high-afﬁnity CO2 uptake system induced at
limiting Ci conditions [14,19,28]. Deletion of ndhB completely
abolishes the Ci acquisition in the form of CO2 indicating the
involvement of NDH-1 complexes in both systems [48,49,58].
Further, Ogawa [21] showed the importance of the NdhL subunit
for Ci acquisition.
Reverse genetic studies performed with ndhD and ndhF mutants
clariﬁed that ndhF3-ndhD3-cupA/chpY and/or ndhF4-ndhD4-(cupB/
chpX) operons are required for CO2 uptake. The expression of the
former operon is induced at low-CO2 conditions (pure air, LC). Cells
with a mutation in one of these genes still are able to grow in the LC
environment [14,28] although the growth can be slow [19,50].
However, double mutants with two genes inactivated, one from each
operon, are incapable of CO2 uptake [28,59]. For example, the ndhD3/
ndhD4 mutant of Synechocystis 6803 that grows well under
photoheterotrophic conditions and shows normal rates of respira-
tion and cyclic electron ﬂow is severely impaired in CO2 uptake
[14,28]. In contrast, the ndhD1/ndhD2 mutant of Synechocystis 6803,
discussed above as unable to grow under photoheterotrophic
conditions and showing low rates of respiration and cyclic electron
ﬂow, grows normally in photoautotrophic conditions at LC [28].
Consequently, the analysis of a vast number of mutants has led
to a conclusion that the products of these two operons represent
components of two distinct CO2-uptake systems (Fig. 1). One of
them, the NDH-1MS complex containing NdhD3, NdhF3 and CupA
(ChpY), is responsible for low CO2-inducible, high-afﬁnity CO2
acquisition. Another one, the NDH-1MS' complex comprising
NdhD4, NdhF4 and CupB(ChpX), is involved in a constitutive, low-
afﬁnity CO2 uptake [28,50,59,60]. The physiological roles of NdhD5
and NdhD6 currently remain unclear.
4. Structure of functionally distinct NDH-1 complexes
The structural and functional multiplicity of NDH-1 complexes in
cyanobacteria foreseen by reverse genetics was conﬁrmed at the
protein level by several techniques including functional proteomic
studies of the membrane protein complexes from Synechocystis 6803
[29,30], puriﬁcation of NDH-1 (sub)complexes by afﬁnity chroma-
tography fromWT and His-tagged ndhmutants of Synechocystis 6803
[24,61] and T. elongatus [22], and by electron microscopy analysis
[61–63].
4.1. Detection of NDH-1 variants
The proteomic approach based on separation of a detergent-
solubilized cyanobacterial membrane compartment by 2-D Blue
Native/SDS-PAGE revealed the existence of two functionally and
structurally different complexes, NDH-1L and NDH-1MS (Fig. 1). Their
identities and functional roles were clariﬁed by detailed analysis of
their subunit composition combined with proteomic studies of
several speciﬁc ndh gene knockout mutants grown under different
CO2 and pH conditions [23,24,30].
Mass spectrometry identiﬁcation and N-terminal protein sequenc-
ing revealed 15 subunits in the NDH-1L (Large, ~450 kDa) complex
[22–24,29]. They included NdhA–NdhK homologous to the subunits of
the Complex I from E. coli, and NdhL–NdhO, speciﬁc for cyanobacteriaand chloroplasts of green plants. From the families of NdhD and NdhF
proteins (homologous to NuoM and NuoL, respectively, in the E. coli
complex), only NdhD1 and NdhF1 were found in NDH-1L. The
complex appeared relatively unaffected by the different growth
conditions including high and low CO2, iron deﬁciency, salt stress,
photoauto-, mixo-, or photoheterotrophy [29]. The NDH-1L complex
was isolated by Ni2+ afﬁnity chromatography from the Synechocystis
6803 mutant containing the His6-tag in the NdhJ protein [24], from T.
elongatus mutant containing the His6-tag in the NdhL protein and
from T. elongatus WT [22]. In the latter case a short histidine-rich
region in the T. elongatus NdhF1 protein served as a “natural His-tag”
strong enough to bind the NDH-1L complex to Ni2+ resin.
The NDH-1MS complex of ~490 kDa, more fragile compared to
NDH-1L, is found only at low concentrations of the detergent used
for solubilization of the membranes. The complex is easily detected
in thermophilic cyanobacterium T. elongatus [22], whereas in
Synechocystis 6803 NDH-1MS dissociates in two subcomplexes,
NDH-1M (Medium, ~350 kDa) and NDH-1S (Small, ~200 kDa) [29].
The NDH-1M subcomplex is composed of 13 subunits, the same ones
present in NDH-1L except for NdhF1 and NdhD1 [23]. No proteins of
NdhD and NdhF families were found in NDH-1M. On the other hand,
the NDH-1S subcomplex comprises NdhD3, NdhF3, CupA and the
Sll1734 protein, designated later as CupS [12]. Thus, the proteomic
results proved that the CupA protein is indeed a subunit of
cyanobacterial NDH-1 participating in CO2 uptake, in agreement
with conclusions made from reverse genetic studies, and revealed
the CupS protein as a novel subunit of the same complex. The
physiological role of CupS remains unknown since no changes in the
phenotype were found in a cupS deletion mutant of Synecchococcus
7002 [19]. In contrast to NDH-1L, the NDH-1MS complex is strongly
up-regulated at LC conditions [22,23,29]. In Synechocystis 6803,
NDH-1M and NDH-1S are expressed in cells cultured photoautotro-
phically at LC conditions, and a rise in CO2 concentration drastically
reduces their expression [22,29].
Signiﬁcant difﬁculties were encountered in attempts to character-
ize two other NDH-1 variants, the NDH-1L′ complex containing NdhF1
and NdhD2 subunits and the NDH-1MS' complex comprising NdhD4,
NdhF4 and CupB (Fig. 1). Xu et al. [64] introduced His6 and cMyc tags
into the C-terminus of Synechocystis CupB and demonstrated the
presence of the CupB protein in a membrane-bound protein complex
with size of ~450 kDa, close to that of NDH-1MS. The putative NDH-
1MS' complex appeared to be highly unstable during the puriﬁcation
procedure hampering the detailed characterization of subunits.
Similarly, the NDH-1L' complex comprising NdhD2 subunit has not
yet been discovered at the protein level and remains at present
elusive. Among the reasons why the two complexes have not been
revealed by proteomic approaches might be the fact that their
distinguishing subunits are expressed at rather low levels. This
suggestion is supported by two recent proteomic studies of
Synechocystis 6803, the iTRAQ investigation of cell acclimation to LC
conditions [65] and the LC-MS analysis of the total membrane
proteome [66], since both investigations failed to detect NdhD2,
NdhD4, NdhF4 and CupB proteins as well as NdhD5 and NdhD6.
It is important to note that no proteins homologous to the activity
subunits of the E. coli Complex I (NuoE, F and G) have been found in
NDH-1L and NDH-1MS (or NDH-1M and NDH-1S) complexes, and
neither the NADPH nor NADH dehydrogenase activity has been
detected.
4.2. Functional proteomics
Proteomic analyses of cyanobacterial mutants containing disrup-
tions of ndh genes corroborate the results of reverse genetics and have
shed some light on the assembly of NDH-1 complexes. In the 2-D BN/
SDS-PAGE-based proteomes of the ndhD1/D2mutant of Synechocystis
6803, the NDH-1L complex was missing in all studied growth
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NDH-1MS complex, accumulated at LC conditions [30]. Taking into
account the results of functional studies performed with this mutant,
it was plausible to conclude that NDH-1L and/or NDH-1L′ participate
in cyclic electron ﬂow and respiration and are important for
heterotrophic growth. It is worthy to note that the membrane
proteomes of ndhD1 and ndhD1/D2 mutants as well as those of the
ndhD2 mutant and WT closely resemble each other (Zhang P.,
unpublished results). Thus, the expression of the NDH-1L′ complex
at the protein level has not been detected so far.
The ndhD3 and ndhD3/D4 mutants of Synechocystis 6803 exhibit
WT-levels of NDH-1L. However, as expected, the proteomes of these
mutants demonstrate a lack of the NDH-1MS complex. At LC
conditions, the NDH-1M subcomplex remains to be assembled and
accumulates similarly to WT, but the NDH-1S subcomplex is absent
[30]. In the ndhD3/D4 mutant the CO2 acquisition is completely
abolished at LC conditions at neutral pH values of media (b7.5). Thus,
NDH-1MS and/or NDH-1MS′ participate in CO2 uptake. The thylakoid
proteomes of ndhD3 and ndhD3/D4 mutants are very similar to each
other supporting the scarcity of the NDH-1MS′ complex [30]. It is of
note that the ability of the ndhD3/D4 mutant to grow at LC can be
restored at elevated pH (N8.3). However, proteomic analyses revealed
strong induction of the SbtA bicarbonate transporter in this
condition [29,30] indicating that the drawback in CO2 uptake was
complemented by activation of mechanisms involved in bicarbonate
acquisition, which agrees well with reverse genetic studies [59,67].
In contrast to the deletion of ndhD genes, the knock-out of the
ndhB gene in Synechocystis 6803 results in complete disappearance of
both the NDH-1L and NDH-1MS complexes, indicating that the NdhB
subunit is vital for the assembly of both NDH-1 complexes [23,30].
Moreover, since NdhB is supposed to be one of the common subunits
for all NDH-1 variants in a cell, it is conceivable to foresee the
analogous effect on cryptic NDH-1L' and NDH-1MS' complexes, which
explains the signiﬁcance of the NdhB subunit for all NDH-1 functions,
cyclic electron ﬂow, respiration and CO2 uptake [31,48–50,68]. In
contrast, the assembly of NDH-1L and NDH-1Mwas not compromised
in the ndhL mutant [23]. Thus, the importance of NdhL for the CO2
uptake [21] might be due to a more subtle functional inﬂuence of this
small hydrophobic subunit.
4.3. Structural studies
Crystal structures of cyanobacterial NDH-1 complexes are not yet
available. Nevertheless, general features of their spatial structure are
possible to envisage on the basis of electron microscopy studies and
analogy to respiratory Complex I. Both the mitochondrial and
bacterial enzymes have been shown to contain FMN and several
iron-sulfur (Fe–S) clusters [1] and to have a characteristic L-shaped
structure in which the hydrophobic module is embedded in the
membrane and the hydrophilic peripheral arm of the complex
protrudes into the aqueous phase [69,70]. Recently, X-ray structures
of Complex I enzymes from E. coli and T. thermophiluswere essentially
resolved [71,72].
The NDH-1M subcomplex comprising hydrophilic proteins
(NdhH-K and NdhM-O) and hydrophobic ones (NdhA-C, NdhE,
NdhG and NdhL) seems to be a common element in all variants of
cyanobacterial NDH-1 complexes (Fig. 1). Based on signiﬁcant
homology between NdhH-K and eubacterial counterparts, it is
possible to conclude that these four subunits constitute the
hydrophilic domain of the peripheral arm. Further, ﬁve common
hydrophobic subunits of cyanobacterial complexes, NdhA, NdhB,
NdhC, NdhE and NdhG, on the basis of homology to Nqo8, Nqo14,
Nqo7, Nqo11 and Nqo10 of T. thermophilus Complex I, respectively,
constitute a “core” of the membrane arm located in the proximal
position to the hydrophilic domain (Fig. 1). The diverse types of
cyanobacterial NDH-1 complexes might be formed by combining theNDH-1M complex with speciﬁc membrane NdhD/NdhF modules for
example NdhD1/NdhF1 in NDH-1L, or NdhD3/NdhF3 in NDH-1MS. By
analogy with T. thermophilus Complex I, NdhF should be located in the
distal position to the hydrophilic NdhH-K domain, with NdhD situated
between the NdhB and NdhF (Fig. 1). Other subunits, NdhL, NdhM,
NdhN, NdhO, CupA, CupB and CupS, do not have analogs in the
crystallized eubacterial enzymes.
In the absence of X-ray structure, electronmicroscopy studies have
made a great progress in visualization of NDH-1 complexes from
cyanobacteria and in localization of subunits speciﬁc for oxygenic
photosynthetic organisms. Electron microscopy of His-tagged NDH-1
complexes isolated from T. elongatus followed by single particle
averaging showed that the NDH-1L complex is indeed L-shaped, with
a relatively short hydrophilic arm ([73], Fig. 2A). Smaller particles
representing the NDH-1M subcomplex were also detected demon-
strating that the NdhD1/NdhF1 module is indeed located in the distal
part of the membrane arm. Further, electron microscopy studies were
able to differentiate between NDH-1L and NDH-1MS complexes since
the mass of CupA is relatively high (~50 kDa). Folea et al. [63] have
shown that in both Synechocystis 6803 and T. elongatus, the NDH-1MS
complex is U-shaped, with the extra density of CupA on the tip of the
distal part of the membrane arm (Fig. 2B). Further, proteomic
experiments have shown that the CupS protein is tightly attached to
NdhD3, NdhF3 and CupA (the NDH-1S complex, [29]), therefore in
Table 1 these four proteins are referred to as the CUP-A module. The
CupS subunit alone was too small to be distinguished by electron
microscopy. However, fusion of CupS with the bulky YFP protein
allowed to determine the position of this subunit next to CupA at the
tip of the membrane arm of the NDH-1MS complex [61] (Fig. 1). In
agreement with reverse genetics and proteomic studies, the U-shaped
NDH-1 complexes strongly accumulated at LC conditions. Concerning
the other two NDH-1 variants, NDH-1MS' and NDH-1L′, it is logical to
predict that the former complex would be also U-shaped, similarly to
NDH-1MS, but with the CUP-B domain (NdhD4, NdhF4 and the CupB
protein) instead of the CUP-A domain, and the latter one would be L-
shaped, like NDH-1L but with the NdhD2/NdhF1 domain.
Furthermore, after fusion with YFP, the NdhL-O subunits were
localized in the cyanobacterial NDH-1 complexes. In contrast to earlier
suggestions, electronmicroscopy demonstrated that the four subunits
are grouped together in the central part of themembrane domain [61]
(Fig. 1, Fig. 2). The hydrophobic NdhL is likely contributing to the
membrane moiety of NDH-1 while hydrophilic subunits NdhM, NdhN
and NdhO could be attached at the surface. It is possible to speculate
that NdhL-O comprise a domain of unknown function speciﬁc for
cyanobacteria and chloroplasts, and we propose to designate it as the
OPS (Oxygenic Photosynthesis-Speciﬁc) domain (Table 1 and Fig. 2).
5. Localization of NDH-1 complexes in the cyanobacterial
membrane network
All variants of cyanobacterial NDH-1, similarly to Complex I of any
origin, are membrane-embedded complexes. In non-photosynthetic
bacteria, for example E. coli, the complex resides in the plasma
membrane. Cyanobacterial cells contain an extensive thylakoid
membrane system as an alternative site for NDH-1 beside the plasma
membrane. The exact location of cyanobacterial NDH-1 complexes
remains at present a subject for further investigation.
Data in the literature are controversial. Berger et al. [5] and Pieulle
et al. [74] found NdhJ and NdhK subunits of Synechocystis 6803
complex in both the plasma membrane and the thylakoid membrane.
The same result was described by Dworsky et al. [75] for Anacystis
nidulans NDH-1. Howitt et al. [76] localized the NDH-1 complex in
Anabaena sp. PCC 7120 explicitly to the plasma membrane. Price et al.
[55] suggested localization of NDH-1MS` on the plasma membrane
since its activity was found to be insensitive towards DCMU treatment
[16]. In contrast, Ogawa [21] found the NdhL subunit only in the
Fig. 2. Electron microscopy projections of NDH-1 complexes from Synechocystis 6803.
(A) The L-shaped NDH-1L complex, (B) the U-shaped NDH-1MS complex. Additional
electron densities corresponding to the OPS domain composed of the NdhL, NdhM,
NdhN and NdhO subunits and to the CupA protein are shown by green and red
arrowheads, respectively. Pictures by courtesy of E.J. Boekema.
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latter observation, Zhang et al. [30] detected NdhJ, NdhK, NdhD3 and
NdhF3 subunits in the thylakoid membrane of Synechocystis 6803 and
showed nearly complete absence of these proteins in the plasma
membrane. Xu et al. [64] obtained analogous results for the CupB
subunit of Synechocystis 6803.
It has been suggested that various NDH-1 complexes having
different functions might reside on different membranes [77,78].Fig. 3. Hypothetical model of proton translocation by cyanobacterial NDH-1 complexes. The
with the common NDH-1M element (colors correspond to those in Fig. 1) and undeﬁned
originating from unknown donor (question mark) are transferred via the chain of Fe–S cluste
(PQ) located at the interface of NdhH, NdhK, NdhA, NdhC, NdhE and NdhG (green dashed line
are transmitted further to the antiporter subunits NdhB, NdhD and NdhF (see details in the t
NdhF (shown in grey) plays the important role in the transmission tilting helices (red cylin
crosses) inside a proton channel. Four proton channels are shown according to Efremov
translocated at the interface of the hydrophilic and the membrane domain.Moreover, a possibility for the dual location in both the thylakoid
membrane and the plasma membrane for speciﬁc NDH-1 complexes
cannot be excluded. However, summarized results of Ogawa [21],
Zhang et al. [30] and Xu et al. [64] imply that NDH-1L, NDH-1MS and
NDH-1MS' reside largely, if not exclusively, in the thylakoid
membrane of Synechocystis 6803. Moreover, since NdhJ and NdhK
should belong to all four variants of Synechocystis NDH-1, including
still evasive NDH-1L′, this conclusion should hold true for all four
NDH-1 complexes. Thus, the theory of different NDH-1 complexes
having dissimilar membrane locations hardly could explain the
discrepancy in results mentioned above. Rather, inconsistency is
likely to arise either from variation in strain speciﬁc membrane
organization [79] or from variations in the purity of the membrane
preparations obtained with different isolation methods. The more
recent experiments showing that in Synechocystis 6803 the NDH-1
complexes are conﬁned in the thylakoid membrane [30,64,68,80]
were performed with thylakoid and plasma membranes prepared by
the two-phase partitioning method [81], and the high purity of
preparationwas demonstrated by antibodies to proteins which served
as speciﬁc marker for the thylakoid and plasma membranes (CP43
and NrtA/SbtA, respectively). Yet it remains to be solved whether the
two-phase partitioning used in the plasma membrane puriﬁcation
selectively concentrates speciﬁc domains of the plasma membrane.
Nevertheless, location of NDH-1 complexes from Anabaena sp. PCC
7120 in the plasma membrane and not in the thylakoid membrane
described by Howitt et al. [76] is unanticipated and remains to be
revisited.
6. Mechanism of function
In Complex I of the respiratory chain, NADH donates two electrons,
via FMN and the chain of Fe–S clusters, to the quinone molecule. The
transfer of two electrons is coupled to the translocation of four
protons across the membrane [72,82]. Based on the 3.3 Å-resolved
crystallographic structure of the hydrophilic domain of T. thermophilus
Complex I, Sazanov and Hinchliffe [71] proposed that the main
electron pathway occurs in the sequence NADH-FMN-N3-N1b-N4-
N5-N6a-N6b-N2-quinone where redox centers N1-N6 correspond to
Fe–S clusters coordinated by Nqo1-Nqo3, Nqo6 and Nqo9 subunits.
The latter two proteins correspond to NdhK and NdhI, respectively.
However, as was discussed above, homologs to NuoE/Nqo2, NuoF/model following that of Efremov et al. [72] presents a cyanobacterial NDH-1 complex
NdhD and NdhF subunits (white). The electron pathway is shown in blue. Electrons
rs N6a, N6b and N2 (red-yellow spheres) harbored by NdhI and NdhK to plastoquinone
). Electron transfer is coupled to conformational changes in the hydrophilic domain that
ext). The transmission chain is show in red. The long helix formed by the C-terminus of
ders) in antiporter subunits thus changing the conformation of ionizable residues (red
et al. [72]. One proton is extruded by each antiporter subunit and a fourth proton is
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proteins accommodate the beginning of the pathway (NADH-FMN-
N3-N1b-N4-N5-). The way, how electrons come to the cluster N6a in
the Nqo9/NdhI subunit is still unknown.
Recently, Efremov et al. [72] reported theα-helical structure of the
membrane domain of T. thermophilus Complex I, and the entire
structure of the enzyme from E. coli both solved at 4.5 Å resolution.
They proposed a functional mechanism for bacterial Complex I that
might be applicable also to cyanobacterial NDH-1 since their eleven
subunits NdhA-NdhK are homologous to bacterial counterparts.
Consequently, we suggest the following mechanism (Fig. 3). In the
NdhI and NdhK proteins homologous to NuoI/Nqo9 and NuoB/Nqo6 of
E. coli/T. thermophilus Complex I, respectively, the amino acid residues
participating in the formation of three Fe–S clusters, N6a, N6b and N2,
are conserved. From N2, electrons are forwarded to PQ likely to be
located in the cavity at the interface of NdhH, NdhK, NdhA and a
bundle of small hydrophobic subunits NdhC, NdhG an NdhE. Electron
transfer is presumably coupled to conformational changes in NdhH
and NdhK subunits, which are transmitted to NdhA and the NdhCEG
bundle and further to the antiporter-like subunits NdhB, NdhD and
NdhF. In the model of Efremov et al. [72], the key role in this
transmission is played by a long amphipathic helix formed by a C-
terminus of NuoL/Nqo12 that runs along almost the entire length of
the membrane domain. The corresponding homologous region is
present in all three NdhF subunits of Synechocystis 6803. Following
the conformational changes in the hydrophilic domain, the helix
would tilt one of discontinuous helices in the antiporter-like subunits
resulting in extrusion of protons. According to Efremov et al. [72], all
three antiporter-like subunits, NdhB, NdhD and NdhF, would form
separate channels for the proton extrusion, and the fourth proton is
supposed to be translocated at the interface of the hydrophilic and
membrane domains (Fig. 3). However, the amount of the proton-
pumping channels is not certain at present.
Since X-ray structures of the various cyanobacterial complexes are
not available, it is unclear how cyanobacteria-speciﬁc domains are
involved in this mechanism. It is tempting to speculate that the
hydrophobic NdhL subunit might also be affected by the movement of
the C-terminal NdhF helix which transmits the conformational
changes. It would explain why the deletion of NdhL in Synechocystis
6803 had a severe effect on the activity of NDH-1 [21] without
noticeable disturbance of the assembly of the complex [23]. Further, it
is uncertain howNDH-1MS and NDH-1MS' facilitate CO2 uptake. It has
been speculated that CUP-A and CUP-B modules might possess
carbonic anhydrase activity and catalyze hydration of CO2 to HCO3− at
a site containing a reactive metal-bound hydroxide ion [54] or in a
special alkaline pocket [51,83]. However, experimental evidence for
any of those postulations is currently lacking.
The most intriguing questions about the functional mechanism of
cyanobacterial NDH-1 remain to be the electron donor and proteins
providing the electron transport route to the N6a cluster in the NdhI
subunit. Several hypotheses about possible candidates for the
electron-input module have been discussed over two decades of
research. (i) On the basis of some homology to NuoE, F and G, the
diaphorase subunits HoxE, F and U of the bi-directional hydrogenase
have been proposed to be shared with NDH-1 [84,85]. (ii) Cyano-
bacterial NDH-1 could be similar to coenzyme F420H2-oxidizing
complex of sulfate-reducing bacteria or archaebacteria, with the
Slr1923 protein instead of the NADH-oxidizing module [26]. (iii) FNR
may supply electrons from NADPH to the NDH-1 complex [86]. (iv)
We also thought that ﬂavodiiron proteins, Sll0219 (Flv2) and Sll0217
(Flv4), might be possible candidates for the activity domain of
cyanobacterial NDH-1 complexes. This assumption was based on
following facts. First, Flv proteins possess the essential NAD(P)H
dehydrogenase domain [87,88]. Second, according to microarray
studies of Synechocystis 6803, the up-regulation of the ndhD3, ndhF3,
cupA and cupS genes observed at LC conditions, was accompanied byup-regulation of the genes encoding the Flv proteins Flv2 and Flv4
[89,90]. Taking into account that Flv2 and Flv4 homologs occur only in
β-cyanobacteria [91] that utilize the NDH-1MS complex for CO2
uptake under LC conditions, the recruitment of Flv2 and Flv4 as active
subunits of at least the NDH-1MS complex seems conceivable.
However, since the association of corresponding proteins with
cyanobacterial NDH-1 has not been demonstrated, there is not
enough evidence to support these suggestions.
Two general alternatives are worthy to be considered. From one
point of view, there is experimental evidence that the cyanobacterial
NDH-1 complex is a NADPH-dependent enzyme. Using chromato-
graphic methods, Matsuo et al. [92] and Deng et al. [93] isolated from
Synechocystis 6803 NDH-1 subcomplexes of 380 and 250 kDa,
respectively, with NADPH-nitroblue tetrazolium oxidoreductase
activity. Further, Deng et al. [94] showed that the activity of the
band in the native gel, corresponding to the NADPH-active NDH-1
subcomplex, increased if cells were grown at LC conditions. Recently,
Ma et al. [34] detected in the same strain large NDH-1 supercomplex
(designated as Act-NDH-1Sup, Active Super-complex), apparently
retaining NADPH dehydrogenase activity. The supercomplex was
absent in the M55 Synechocystis mutant. Moreover, Ma and Mi [95]
reported that the activity of this complex is proportional to cyclic PSI
electron ﬂow. Identiﬁcation of the proteins contributing to the NADPH
activity would provide novel insights into functional mechanisms of
cyanobacterial NDH-1 complexes.
Alternatively, NDH-1 in cyanobacteria and chloroplasts may lack a
speciﬁc electron input module and act as a ferredoxin:plastoquinone
oxidoreductase as proposed by Friedrich et al. [1] and for which there
is some experimental evidence [33]. The recent identiﬁcation of a
ferredoxin-binding subunit as part of the chloroplast NDH complex in
Arabidopsis thaliana (T. Shikanai, personal communication) strongly
substantiates this suggestion. Recently, Peng et al. [96] and Sirpio et al.
[97] demonstrated formation of a PSI-NDH supercomplex in A.
thaliana. This discovery is highly stimulating for studies of cyano-
bacterial NDH-1 complexes. The existence of PSI-NDH-1 super-
complexes can be envisaged in cyanobacteria as well. At present,
however, the experimental proof for their formation is lacking. On the
other hand, it cannot be excluded that the NDH complex of
chloroplast and the cyanobacterial NDH-1 complexes have evolved
to use different electron donors.
Formation of the PSI-NDH-1 supercomplexes in cyanobacteria
would be consistent with NDH-1 functions observed in light, in
particular with cyclic electron ﬂow. In contrast, NDH-1-dependent
respiration that occurs in darkness requires another explanation. As
was discussed earlier, there are arguments against participation of
cyanobacterial NDH-1 in respiration that furthermore corroborates
the conception of PSI-NDH-1 supercomplexes. However, assuming
that respiration is a true function of the NDH-1 complex, the
probability of the formation of PSI-NDH-1 supercomplexes in
cyanobacteria should not be discarded. Hypothetically, it is possible
that cyanobacterial NDH-1 complexes use different activity domains,
or the electron input devices, depending on light conditions. In light,
the PSI-NDH-1 supercomplexes might be formed merging the NDH-1
activity and photosynthesis, while in the dark rearrangements of the
complexes might take place followed by replacement of PSI with
NADPH- or ferredoxin-dependent proteins that in light conditions
might be involved in other functions.
7. Concluding remarks
Cyanobacterial NDH-1 complexes play a central role in several
cellular processes. Their multiplicity within a prokaryotic cell,
regarding both the functional diversity and the corresponding distinct
structural organization, is unique among Complex I-type enzymes.
During the past few years, signiﬁcant progress has been achieved in
knowledge about composition, structure and function of the diverse
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insights in the localization of several proteins inside the distinct
domains suggesting coordinated performance of certain subunits in a
speciﬁc function. Further, new achievements in crystallization of
Complex I from E. coli and T. thermophilus have a great impact on
studies of similar enzymes in other organisms including cyanobac-
teria. Due to homology in protein sequences and in tertiary structures
of the enzymes, certain features of the reaction mechanism and the
proton pumping might be applicable to cyanobacterial NDH-1
complexes.
In spite of these new insights, puzzles remain. How are electrons
fed into the NDH-1 system and what is the electron donor? Is there
only one set of proteins composing the catalytically active domain or
do several sets exist? Do the functionally diverse NDH-1 complexes
have identical or dissimilar activity domains? What is the fundamen-
tal basis of the differences in the reaction mechanism between NDH-1
complexes involved in cyclic electron ﬂow and ones participating in
CO2 acquisition? It will be a challenge to clarify these questions. The
crystallization of any of the cyanobacterial NDH-1 complexes,
especially of the NDH-1MS complex that contains the largest number
of speciﬁc subunits would be the best approach to gain comprehen-
sive information about the structure and to provide clues to the
reaction mechanism(s). For elucidation of functional diversity, it
would be fundamental to clarify the location of the NDH-1 complexes
with various NdhD/NdhF domains in either the plasma or the
thylakoid membrane, to pursue studies of the elusive NDH-1L and
NDH-1MS' complexes, to reﬁne and conﬁrm experimentally the role
of the CUP domains in CO2 uptake and, ﬁnally, to reconstitute the
active cyanobacterial NDH-1 complexes in vitro.
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